We discuss the role that higher derivative operators play in field theory orbifold compactifications on S 1 /Z 2 with local and non-local Scherk-Schwarz breaking of supersymmetry. Integrating out the bulk fields generates higher derivative counterterms to the mass of the brane (or zero-mode of the) scalar field, identified with the Higgs field in many realistic models. Both Yukawa and gauge interactions are considered and the one-loop results found can be used to study the "running" of the scalar field mass with respect to the momentum scale in 5D orbifolds. In particular this allows the study of the behaviour of the mass under UV scaling of the momentum. The relation between supersymmetry breaking and the presence of higher derivative counterterms to the mass of the scalar field is investigated. This shows that, regardless of the breaking mechanism, (initial) supersymmetry cannot, in general, prevent the emergence of such operators.
Introduction
The physics of extra dimensions is receiving a strong research interest in the context of effective field theory approaches to compactification, sometimes referred to as "field theory orbifolds". While string theory may provide the ultimate description of compactification, field theory orbifolds can also consistently (re)address interesting issues such as supersymmetry breaking, the hierarchy problem, radiative corrections or their experimental signatures. In this work we investigate the implications of supersymmetry breaking in 5D field theory orbifolds for the one-loop corrections to the mass of the 4D scalar fields.
An aspect that is somewhat overlooked in recent studies of radiative corrections in gauge theories on field theory orbifolds (see for example [1] - [9] ), is the role of higher derivative operators 1 . In general it is thought that such operators, being higher dimensional, are suppressed if the scale where they become relevant is high enough. However, from a 4D point of view the most natural such scale is the compactification scale 1/R and, if this is low (TeV scale), such operators can have a significant effect even at low energies. For generality we shall consider the role of such operators in orbifolds with a radius R of an arbitrary value (large or small).
The models that we investigate are 5D N=1 supersymmetric, compactified on S 1 /Z 2 and the interactions are localised superpotential (in the extra dimension) and gauge interactions. These are standard interactions in any higher dimensional theory which aims to recover after compactification and at low energies, the Standard Model (SM) or its supersymmetric versions. Such interactions induce loop corrections to the mass of the zero mode scalar field (if this is a bulk field) or to that of a brane scalar field. It is important to note that this field is regarded in many models as the SM Higgs field [1] - [8] . Therefore such loop corrections are important for the hierarchy problem, electroweak symmetry breaking or running of the mass of the scalar field.
Recent studies of loop corrections to the mass of the 4D scalar field showed that radiative corrections are of type (see for example [1, 3] )
where η = −1 (+1) when α is the Yukawa (gauge) coupling. As a result one can have radiative electroweak symmetry breaking 2 triggered by towers of Kaluza-Klein states of bulk fields which couple, via the aforementioned interactions, to the (zero-mode or brane) scalar field associated with the Higgs field. Note that in the absence of a rigorous mechanism to fix 1/R to low values (TeV or so) such results do not provide a solution to the hierarchy problem even at one-loop. But they open new ways to address these problems and we think this is worth further investigation.
As we shall see shortly, it turns out that the non-renormalisable character of these theories becomes apparent earlier than one may like, but with potentially interesting consequences. That means that results like (1) are in general altered by the effects of higher derivative operators, in some cases already at one loop. Their effect depends on the size of the radius R, but as already mentioned, here we keep R arbitrary. The result of our one-loop Yukawa corrections shows that
where ξ is an (unknown) coefficient of the higher derivative operator.
Eq. (2) shows that the scalar mass depends on both R and 1/R which 3 we find rather interesting. Further, if R is somehow fixed to a large value (inverse TeV scale) to explain a low mass for the scalar (without large fine tuning), the price to pay is that the second term in the first equation becomes more important. Given the unknown coefficient of higher derivative operators, this affects significantly the predictive power of the models. Conversely, if R is very small (q 2 fixed), the role of higher derivative operators is suppressed, but then the first term re-introduces the quadratic mass scale (hierarchy) problem at one-loop, familiar from the Standard Model. While this is the general picture, a detail analysis should consider the O(q 2 R 2 ) terms in (2) whose expression can be computed in general cases using our technical results. Finally, our calculation can be used to re-address previous studies of the radiative electroweak symmetry breaking induced by towers of Kaluza-Klein modes, and to investigate the one-loop running of the scalar mass and its ultraviolet behaviour under the UV scaling of the momenta, q 2 → σq 2 .
We investigate whether the presence of higher derivative operators and the above considerations depend on the way 5D N=1 supersymmetry is broken. This is the main purpose of the paper. We consider both local and non-local supersymmetry breaking, transmitted to the visible sector via radiative corrections. The non-local breaking includes discrete and continuous ScherkSchwarz twisted boundary conditions for the bulk fields. The plan of the paper is as follows: in Section 2 we discuss the orbifold compactifications and supersymmetry breaking by local F terms of a brane field at a hidden brane (Section 2.1) and non-local breaking (Section 2.2) by Scherk-Schwarz boundary conditions. We show that higher derivative operators are generated as counterterms for Yukawa but not for gauge interactions. It turns out that the presence of these counterterms is somewhat independent of the above ways of supersymmetry breaking and this is discussed in Section 3. The conclusions are presented in the last section. The Appendix contains formulae relevant for the study of the running of the scalar mass (with the momentum scale), and may also be used in other applications of field theory orbifolds.
2 Higher derivative counterterms on S 1 /Z 2 .
On the S 1 /Z 2 orbifold, one can consider vector supermultiplets and hypermultiplets. The former may be described in a 4D language as made of vector superfield V (λ 1 , A µ ) and an adjoint chiral superfield Σ((σ + iA 5 ) √ 2, λ 2 ), where λ 1,2 are Weyl fermions, σ a real scalar and A µ , A 5 the 5D gauge field. The hypermultiplet contains two chiral superfields Φ(φ, ψ) and Φ c (φ c , ψ c ) with opposite quantum numbers, and where φ, φ c are complex scalars and ψ, ψ c are Weyl fermions. The orbifold conditions considered are such as the gauge field A µ has even parity (has a massless zero mode) to respect the 4D gauge invariance. We consider the following parity assignments
where Φ can be any of the SM fields Q, U, D, L, E. As a result, the original 5D N=1 supersymmetry is broken and the fixed points (y = 0, πR) of the orbifold have a remaining 4D N=1 supersymmetry. Further, we consider the following localised interaction,
The 5D coupling The above spectrum and interactions define our minimal model. While this is not phenomenologically viable, it is sufficient to illustrate the idea of the paper. Moreover the spectrum and interaction considered are generic in many detailed models which reproduce the SM or its supersymmetric versions. Such models, for which our findings are relevant, can be found in refs. [1] to [8] .
The purpose of this work is to investigate the correction to the mass of the brane (or zeromode of the bulk) scalar fields φ Hu , φ H d induced 5 by towers of Kaluza-Klein states of Q, U, D superfields, via interaction (4) . Gauge corrections will also be considered. Since similar considerations apply to both H u and H d , we shall compute the one-loop correction to the mass m φ H of φ Hu , hereafter denoted simply φ H . To compute the one-loop corrected m φ H one must first evaluate the spectrum of Kaluza-Klein modes, using eq.(3). However this spectrum also depends on the mechanism of the further breaking of 4D N=1 supersymmetry which is then transmitted to the "visible" sector at y = 0. We shall distinguish two cases discussed separately: I. Localised supersymmetry breaking and II. Non-local supersymmetry breaking.
Higher derivative operators from localised supersymmetry breaking.
We consider that supersymmetry is broken at a distant (hidden) brane located at y = πR by
where Z is a (gauge singlet) brane field at y = πR. The bulk fields Q, U feel the supersymmetry breaking via the couplings
Therefore, when Z ∼ F Z θ 2 , the bulk fields such as φ Q,U with non-zero coupling at the y = πR brane have the spectrum modified. One can show that (for details see for example [3] )
With the choice c M ∼ O(1), F Z ∼ M 2 * , and to leading order in 1/(RM * ), one can set u = 1. This is usually referred to as "strong" supersymmetry breaking, otherwise u is a series in 1/(RM * ).
Unlike the fields φ Q,U , their fermionic partners ψ Q,U do not couple to the vev of Z, and their mass is not changed by (5) . This results in the breaking at y = πR of the remaining 4D N=1 supersymmetry of zero modes. Similarly, the fields ψ c Q,U , φ c Q,U do not couple to Z (see eq. (3)), thus their mass spectrum is not affected. Finally, the Higgs field H u (also H d ) is considered to be a brane field, localised at y = 0, so it does not have tree level interactions with the field Z. However, it feels the supersymmetry breaking at y = πR through loops of the bulk fields Q, U , (or Q, D for H d ) via eq.(4). Therefore the spectrum of the bulk fields is, using (3), (7)
where r φ = 1/2 and u = 1 for strong supersymmetry breaking. The case with u = 1 is discussed in Section 3. Finally, the wavefunction normalisation coefficients (at y = 0) are η
. These results will be used in Section 2.1.1 to compute m φ H at one-loop.
Finally, let us also consider the case of supersymmetry breaking at y = πR with a branelocalised gaugino mass on
Here W α contains gaugino as its lowest component. Note that only the even parity gaugino λ 1 (see eq. (3)) couples to Z and feels the supersymmetry breaking at y = πR. Further, λ 1 and λ 2 are coupled through their kinetic term. Eq. (9) is the counterpart of eq. (6) for the gauge case. Using the equation of motion one finds [3] tan
Then, the spectrum of gaugino is
This result is used in Section 2.1.2 for the one-loop gauge correction to the scalar mass m φ H .
One-loop mass correction due to Yukawa interaction
In the on-shell formulation, the interaction in eq. (4) becomes in component fields [3] 
Note that the sum over k in the first line is from k ≥ 1 since the field φ c is odd under orbifolding, eq.(3). If we work on-shell (off-shell) there are three (two) types of diagrams contributing to the mass of brane Higgs field φ H , see Fig. 1 . The one-loop contributions in Euclidean space are 6
6 This form of the radiative corrections can be shown to be equivalent to that derived using 5D Green functions in mixed positions-momentum space (at y = 0) computed in ref. [3] , eqs. Here d = 4−ǫ (ǫ → 0), N c is the number of colours, µ is the scale introduced by the DR scheme, q 2 is the external momentum and the two double sums extend to infinity. The index B, (F ) stands for bosonic (fermionic) contributions. One then uses the spectrum (8) and coefficients η given after this equation, perform the integrals over p in DR, then the double sums, to find
where κ ǫ ≡ (2πµR) ǫ . The functions J 1,2 have the following definition and leading behaviour in ǫ
For a complete expression of the functions J 1,2 see the Appendix, eqs.(A-1) to (A-3) and (A-11) to (A-15). It is important to notice that the leading (divergent) behaviour of J 1,2 depends on c and a 1 , a 2 but is independent of c 1 , c 2 . The dependence on c is very important, since it is only for c ∼ q 2 R 2 = 0 i.e. non-zero external momentum that one is able to "see" the poles of J 1,2 . After adding the bosonic and fermionic contributions in (15) , one finds
with c as in (16) . Note that if q 2 = 0 the second line above is absent, so m 2 φ H (q 2 = 0) is given by the first line alone. Further, in the difference
This cancellation is ensured by the equal number of bosonic and fermionic degrees of freedom, enforced by the initial supersymmetry. Using the leading behaviour of the functions J 1,2 we find
where the µ-dependent term in the square bracket shows the regularisation scheme dependence induced by κ ǫ . The finite part O(q 2 R 2 ) can be evaluated from the second line in (17) using eqs.(A-2), (A-3) in the Appendix to give the full running of the mass wrt momentum scale q 2 .
Eq. (18) shows the presence in the sum of bosonic and fermionic contributions, of a pole multiplied by quartic dependence on (external momentum) q, originating from the two J 1 's. The result is that the one loop scalar mass is not finite and has a UV divergence similar to that cancelled by (initial) supersymmetry in the J 2 dependent part. Therefore one must add in the action a higher derivative counterterm 7 to m 2 φ H (recalling that φ H is a brane field)
The presence of the UV divergence and of corresponding higher derivative counterterm shows that, although the initial theory was supersymmetric, its non-renormalisable character is nevertheless manifest through a counterterm generated by the large number (multiplicity) of KaluzaKlein modes which contribute to m φ H . In Table 1 we provided a general dimensional analysis for when higher derivative counterterms can arise from a localised superpotential. The table shows the number of loops in perturbation theory at which such counterterms can be generated, by assuming that any of the fields in the superpotential can be bulk or brane fields. This information can be used in realistic orbifold models, to avoid such operators at low orders in perturbation theory. 7 This result is similar to that in [13] which had instead 5D N=1 supersymmetry broken to N=0 on S1/(Z2×Z ′ 2 ).
[Q] 
One-loop gauge correction to a brane scalar mass
Let us now consider the one-loop gauge contribution to the mass m φ H of the brane scalar φ H located at y = 0, assumed to be charged under a U (1) group. This is induced by the action (9) and in the following we use eqs. (10) to (12) . In the dimensional regularisation with d = 4 − ǫ, bosonic (gauge) and fermionic (gauginos) contributions to the scalar self-energy at nonzero external momentum q 2 , are respectively
and
Then, we find the one-loop corrections as
with c ≡ x(1 − x)q 2 R 2 and we introduced
After some calculations one obtains
for c, β > 0. Although these expressions are finite (no poles in ǫ), whenever one removes a mode from the series, poles arise and this justifies keeping the ǫ dependence explicit in their definition. Therefore, the resulting one-loop correction for the brane scalar is given by
This result can be further simplified, but for our purpose it is enough to notice that it is finite (has no poles in ǫ). Therefore we conclude that no higher derivative counterterms are generated at the one-loop level. We note that the momentum-independent mass correction is given by
This result agrees with the one obtained by changing the infinite Kaluza-Klein sum into a contour integral [17] . Alternatively, one can investigate the gauge correction by considering supergraphs. Given the presence of subtle differences between component and supergraph formalisms 8 we now use the supergraph formalism to show again that no higher derivative counterterms are present. This will confirm our conclusion obtained in the component formalism.
For this purpose we compute the gauge correction to the propagator of a (massless) brane chiral multiplet in the absence of supersymmetry breaking. To do so we need to consider only one supergraph with brane-chiral and bulk-vector multiplets "running" in the loop [18] . We assume that, as in the 4D case, the soft breaking does not renormalize the propagator of a massless brane chiral multiplet. With an appropriate gauge fixing term [19] , i.e. the 5d version of the super Feynman gauge, the action for the vector superfield is
Thus, the propagator for the bulk vector multiplet on S 1 /Z 2 satisfies
Therefore, for 0 ≤ y − y ′ ≤ πR, the mixed position-momentum propagator is given by
In particular, the bosonic part of the propagator at the origin with y = y ′ = 0 is given by
We obtain the one-loop gauge correction to the propagator of the brane chiral multiplet located at y = 0 as
where
where c = x(1 − x) q 2 R 2 . Finally, with d = 4 − ǫ and using eqs.(24), (25), one finds that the one-loop gauge correction to the kinetic term of the brane scalar (component of Φ) in (32) has a momentum dependence of type
Since the above result has no poles in ǫ, we find, using this time the supergraph computation, that the wave function of the brane chiral multiplet is not renormalized. Therefore no higher derivative counterterms arise at one-loop order, in agreement with the previous computation using the component field formalism.
Finally, let us discuss the possible higher dimensional (derivative) operators which can be induced by the gauge corrections at higher loops, along the lines discussed in Table 1 . The corresponding operator for a brane chiral multiplet is
with n being the number of loops. Then, given the (mass) dimension of the higher dimensional gauge coupling, i.e. [g 2 5 ] = −1 in 5D higher dimensional operators can in principle be generated for n = 2 (two-loop). However, for a 6D case, [g 2 6 ] = −2, higher derivative operators may in principle be generated for n = 1 (one-loop) 9 .
Higher derivative operators from non-local Supersymmetry breaking.
So far we have considered a brane-localised supersymmetry breaking, eqs. (5), (6), (9) . In the following we consider a non-local supersymmetry breaking mechanism, with: (1) discrete and (2) continuous twisted boundary conditions, which we examine separately.
Discrete Scherk-Schwarz twists.
First, let us impose that the 5D fields acquire under a 2πR shift, a phase which is the R-parity charge of these fields. The action of the R-parity operator is
One also has a condition for U, U c superfields similar to that for Q, Q c . The condition for H, H c stands for both H u,d , H c u,d and applies only if these fields are bulk fields. Eqs. (35), (3) give the spectrum relevant for our purpose
and η
Note that the spectrum on the orbifold S 1 /Z 2 with the R-parity (35) has similarities with that in the case of S 1 /(Z 2 × Z ′ 2 ) orbifold (see for example [4] ) with the Z ′ 2 identified with a 9 A component field computation on T 2 /Z2 shows that one-loop gauge correction to the self-energy of a brane scalar is finite [20] . The agreement of this result with that using a supergraph approach is studied elsewhere [16] .
Z 2,R Scherk-Schwarz breaking of supersymmetry. As a result the one-loop corrected m φ H (q 2 ) is expected to be similar to that in S 1 /(Z 2 × Z ′ 2 ) studied in 10 [13] . This similarity is only present when considering interactions from one fixed point, and breaks down when overlapping interactions from different fixed points are included, as can happen at higher loops.
The action is similar to that in eq. (13) with the remark that the first sum over k starts from k = 0. With this information we can compute the one-loop corrections to the mass of the scalar component φ H of H u , or of its zero mode if H u is a bulk field. One has in this case a result similar to eq. (14), but note that the wavefunction coefficients η F M and the spectrum (m φ c Q ) have changed. In Euclidean space
with the notation f t ≡ 2 n f 4,t , where n = 1 (n = 3/2) is H u is a brane (bulk) field 11 . In the first equation we used that the masses of φ Q , φ c Q , φ U , φ c U are all equal, and this explains the presence of a factor 2 in the numerator of the integrand.
The calculation of eq.(37) with replacements (36), proceeds as in Section 2.1.1 (see also [13] ). After adding the bosonic and fermionic contributions, one obtains
The terms involving J j [1/2, 1/2, c], j = 1, 2 account for the bosonic contribution, while J j [0, 0, c] account for the fermionic part. The functions J 1,2 are given in eq. (16) . Comparing (38) to (17) one notices a similar structure, but there is a difference in the arguments of J 1,2 in the two equations. Since the pole structure of J 1,2 [c 1 , c 2 , c] does not depend on the arguments c 1 , c 2 , the discussion of the UV divergences is not changed from that of eq. (17). Eqs. (38), (16) give again
10 For the completeness of our analysis we include this case here in detail. 11 If Hu is a bulk field, the above correction refers to its zero mode scalar.
where O(q 2 R 2 ) terms are due to J 1 functions and can be evaluated numerically using the full expression of J 1 given in the Appendix. The above result looks similar to that in (18) , but the exact expression of m 2
The squarks (also the Higgs scalars if they are bulk fields) with a continuous Scherk-Schwarz phase have the mode expansion given by
and (2 − M 2 n )ϕ n (x) = 0 with M 2 n = (n + ω) 2 /R 2 . Here we note that the orthogonality is defined for eigenstates of SU (2) R doublet as
The spectrum of the bulk fields is
Finally, for gauginos one has that m λ 1,2 ,k = (k + ω)/R, (k ∈ Z). We note that the zero mode of a bulk Higgs scalar acquires a tree-level mass of ω/R. In this case, the one-loop Yukawa correction must be larger than this tree-level mass for electroweak symmetry breaking [6] . However, if the Higgs multiplet is a brane field, such situation is avoided, and one can still assume that there is no tree-level Higgs mass. The action is in this case similar to that in eq.(13) except that the sums over k and l should be taken over the whole set of integer numbers. Then the one-loop mass corrections are
.
Adding the bosonic and fermionic contributions, one obtains the one-loop mass correction as
Therefore we find again
where O(q 2 R 2 ) terms are ǫ-independent, are due to the two J 1 functions in (56) and can be evaluated numerically using eqs.(A-2), (A-3). Higher derivative counterterms are again required, and the same arguments as in eq. (40), (41) apply. In this section we considered so far Yukawa corrections only. Regarding the gauge correction, in both cases of discrete and continuous Scherk-Schwarz twists, the spectrum and brane coupling of gaugino are the same as in the local supersymmetry breaking. Hence the resulting one-loop correction to a brane scalar mass is the same [17] as before, eqs. (26) and (27).
3 Further remarks on higher derivative counterterms.
In this section we discuss further the origin of the higher derivative counterterms and their relation to the local and non-local character of supersymmetry breaking of Sections 2.1, 2.2.
Let us recall first that the radiative correction to the scalar mass from the Kaluza-Klein modes has the general structure given by (58) below. This equation is just a generalisation of eqs.(14) (15), (37), (55) for m φ H , all recovered for particular values of wavefunction coefficients σ 1,2 = 1, 2 and of "mass shifts" c 1,2 . After a long calculation one obtains 12 
This result is computed in the DR scheme and as usual, ǫ is a regulator of both the integral and the double series in front of it; ǫ is thus a genuine 6D regulator rather than a 4D one 13 . One firstly performs the momentum integral to obtain a double series whose summand (function of k 1 , k 2 ) has powers involving ǫ and is multiplied by Gamma functions of ǫ-dependent argument.
The series are analytically continued and their leading contribution to O(ǫ 0 ) is obtained. Finally one takes account of the Gamma functions and finds the above result 14 . Note that the sums in (58) are restricted to positive integers only, unlike the expressions of J 1,2 used previously and which involve double sums over Z. The motivation and the advantage of using eq. (58) is that (unlike the analysis using J 1,2 ) it will allow us to see explicitly how quadratic divergences cancel. The divergences in (58) are: q 2 /ǫ which account for wave function renormalisation, the terms 1/(R 2 ǫ) which account for quadratic divergences and finally, the terms q 4 R 2 /ǫ which account for quartic divergences (higher derivative counterterms).
We can now apply the result (58) to the calculations in Sections 2.1 and 2.2 to discuss the origin of the higher derivative operators and of other divergences present. For the case in Section 2.1.1 for the contribution in the first line of eqs. (14), (15) one has Bosonic part :
Fermionic part :
while for the case in Section 2.2.1, eq.(37) one has Bosonic part :
In both cases α = 1, u = 1, δ = 0. Finally, for the case in Section 2.2.2 with a continuous Scherk-Schwarz phase, one has the same expression for the fermionic part as in (60), but the bosonic part is given by
where σ 1 = σ 2 = 2, β = 2, γ = 1 and α = 1, u = 1, δ = 0 in each term. Each contribution E in (61) has quadratic divergences 1/(R 2 ǫ), as seen from eq.(58). However they cancel in the sum of the first two terms (of arguments c 2 = ω and c 2 = 1 − ω) and also in the sum of the last two terms. This is essentially due to summing over the whole set Z of modes in eq.(48). Given the above values 13 If the series in eq.(58) were restricted to a finite number of modes then ǫ would act as a 4D regulator only.
14 In a similar way one can also find the finite, O(ǫ 0 ) terms of (58).
of c 1,2 , σ 1,2 , for all cases considered in eq. (59), (60), (61), one concludes that the coefficient of the quadratic divergences 1/(R 2 ǫ) vanishes separately for the bosons and fermions. Note that the values of c i = 0, 1/2 are special for in that case (with corresponding values of σ i ), E alone has no quadratic divergence. For the origin of higher derivative operators it is important to notice that the coefficient of q 4 R 2 /ǫ term is independent of c 1,2 and also of σ 1,2 . Note that c 1,2 which enter the mass formulae for the Kaluza-Klein states are in fact set by the boundary conditions for the hypermultiplets with respect to the compact dimension. Therefore, this coefficient is independent of the phase that hypermultiplet fields have with respect to this dimension and, to some extent 15 , on the way supersymmetry is broken. The coefficient of q 4 R 2 /ǫ depends only on α, β, γ, which in turn are controlled by the nature (fermionic/bosonic) of the component fields (via their propagator in momentum space). Technically, the term q 4 R 2 /ǫ is strictly the result of the presence of two sums in front of the integral (58), over terms with k i = 0, i = 1, 2. (this explains the absence of such divergences and corresponding higher dimensional counterterms in the 4D theory 16 of zero-modes, k i = 0). Therefore, divergent terms q 4 R 2 /ǫ can be avoided at one-loop provided that there is only one bulk propagator (see Table 1 for details when this can happen).
With these considerations one concludes that the presence of q 4 R 2 /ǫ and thus of the higher derivative counterterms is related to the multiplicity of the modes. Such operators are then due to the non-renormalisability of the models -initial supersymmetry cannot protect against their emergence as counterterms, regardless of the way supersymmetry is broken. Our analysis also shows that such operators are most relevant in models with low compactification scales, when their effects are less suppressed, see eqs. (19) , (41).
Finally, note the presence of a u dependence of the coefficient of q 4 R 2 /ǫ in (58), which is present in the case of brane-localised supersymmetry breaking (see Section 2.1). This signals some dependence between this supersymmetry breaking mechanism and the coefficient of the higher derivative operators. No such dependence appears for the discrete or continuous ScherkSchwarz mechanism.
Conclusions.
In this work we addressed the role that higher derivative operators play in the study of radiative corrections to the mass of the (Higgs) scalar field in 5D N=1 supersymmetric models compactified on S 1 /Z 2 . This is an important issue because it addresses how physics associated with compact dimensions decouples at low energies q 2 ≪ 1/R 2 , how these operators control the running of the scalar field mass across q 2 ∼ 1/R 2 , and the UV behaviour of the mass under the scaling of the momenta to q 2 ≫ 1/R 2 . Our technical results can be applied to a large class of orbifold models which investigate such one-loop effects from the bulk fields.
The interactions considered were localised superpotentials and gauge interactions. Although the models are rather minimal, the multiplet structure and the interactions considered are generic in any realistic higher dimensional extensions of the SM or its supersymmetric versions. It was found that Yukawa interactions, unlike gauge corrections, can generate higher derivative counterterms to the scalar field mass even at the one-loop level.
The work examined closely the relationship of the higher derivative operators with the way supersymmetry breaking was transmitted to the visible sector. The supersymmetry breaking scenarios addressed were local supersymmetry breaking by the F-term of a gauge singlet field localised at a hidden brane (fixed point) and also non-local breaking via Scherk-Schwarz (discrete/continuous) boundary conditions. In the case of local breaking, this effect is transmitted via radiative corrections to the scalar field, associated with the Higgs field. Such corrections, due to the compact dimension, are induced by the bulk fields which feel the supersymmetry breaking at the hidden brane. The second case, of non-local supersymmetry breaking, considered supersymmetry breaking by discrete and continuous Scherk-Schwarz twists of the bulk fields by using the SU (2) R symmetry of the multiplet content.
Our analysis showed that in all these cases of supersymmetry breaking the emergence of higher derivative operators is very similar and has little or no dependence on the details of the breaking mechanism considered. This is the main result of the paper. At the technical level this means that the coefficient of these operators is independent of the boundary conditions for the bulk fields. As a result these operators seem to be a generic presence in orbifold compactifications and initial supersymmetry cannot protect against their presence, in some cases even at the oneloop level. This is ultimately due to the non-renormalisable character of the theory.
Our study is also important because other approaches to compactification like string theory currently shed little light on such issues. The reason for this is that in string theory one computes the scalar potential (vacuum energy), derived at zero external momenta. Its second derivative giving a scalar mass cannot then recover a momentum dependence of the latter. We are thus confined to study these higher derivative operators in the framework of field theory orbifolds. The situation is very similar to the case of one-loop corrections to the gauge couplings, where again the role of higher derivative operators cannot be discussed in (on-shell) string loop corrections, but can be evaluated consistently in the context of field theory orbifolds [10, 11, 12] . (1 − e 2iπτ n ), η(−1/τ ) = √ −i τ η(τ ), η(τ + 1) = e iπ/12 η(τ ), (A-8) and the Jacobi Theta function ϑ 1 [22] ϑ 1 (z|τ ) ≡ 2q 1/8 sin(πz)
n≥1
(1 − q n )(1 − q n e 2iπz )(1 − q n e −2iπz ), q ≡ e with σ n 1 = u |n 1 + 1/2|.
